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Abst ract

The final cavern pressure test and well leak test nmade in
June-July 1981 indicated conbined oil |eakage fromthe three
cavern entry wells will be well wthin the | eak rate
criterion of 100 bbls/yr per cavern at the nost severe design
operating conditions of the cavern. The tests did not indicate
conclusively that there was no |eakage from the cavern other
than fromthe wells. However, they did give a positive
i ndication of no |eakage to cavern 9, the nearest cavern about
200 feet away. It is Dbelieved that serious structural failure
of the cavern is unlikely during long termoil storage at

normal pressures, or during accidental depressurization to Oi
head pressures.
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| NTRODUCTI ON

~ Cavern 6 at the West Hackberry, Louisiana SPR oil storage
site was certified for oil storage on Novenber 8, 1977.
Fol lowing certification, approximately seven mllion barrels of
crude oil were stored in the cavern, with the |ast 0}1 bei ng
stored on September .13, 1978. On Septenber 21, 1978-, a

bl owout of cavern entry well 6 occurred during workover. An
estimated 72,000 barrels of oil were spilled fromthe cavern
causi ng degresgurlzat|on from storage pressure of about 1900
psi to 1250 psi at the cavern roof.

This accidental deptessurization represents a severe
cavern loading condition with pressure inside the cavern
acting as a balance against lithostatic pressure, probably
being |ower than since the beginning of cavern formation.  Such
| oading conditions are generally avoided because of |arge
reductions in conpressive stresses in the salt. Such
conditions are of special concern for a cavern such as West
?bck?erry 6 with a flat roof of such large dianeter (about 1150
eet).

Because of the concern that the integrity of Cavern 6

m ght have been affected by the depressurization, a decision
was made by the Departnent of Energy Strategic Petrol eum
Reserve Project Managenment O fice (DOE/SPRPMO) t0 renove the
oil and recertify the cavern. The oil was removed, the wells
wor ked over, various |ogging and diagnostic procedures
perfornmed, and a cavern pressure test was conducted in

Sept enber - Cct ober 1980. Analysis of the pressure test results
indicated large cavern leak rates at nHX|nun10perat|n%
ressures, though the magnitude could not be defined because of

imted data and inability to accurately calculate the effect
of salt creep. A test procedure was devel oped for determ ning
| eaks from cavern wells independent of salt creep effects. A
well leak test was made in January-February 1981 which
indicated substantial |eaks from 2 of the 3 cavern wells. \ell
wor kovers to repair the |eaks weremade and a second cavern
pressure and well |eak test made in June-July 1981 indicated
acceptable well leak rates and cavern structural behavior.

This report includes a general history of the cavern, and
a rﬁcord and analysis of recertification activities and test
results



H STORY

. Cavern 6 at the Vst Fbckberry,Lguisiana SPR storage site
is a large diameter dish shapeg cavity4 Figure 1, with a
total volume of about 8.6 x 10° bbls.” Wen the cavern became
part of the SPR program it had a single entry well, yell'&
with a 12 7/8-inch production casing set to 2632 feet?, Figure
2. As part of the initial cavern certification activities, a
cement bond |og, a cavern sonar caliper survey, and an azinmuth
and deviation survey were run, and a 9 5/8-inch |iner was
cemegtid into the 12 7/8-inch casing to a depth of 2603
feet?r*, The sonar caliper survey of June 6, 1977 indicated a
total cavern volume of 12,155,044 barrels, conpared with an
earlier survey by din Corporation on March 5, 1975, which had
indicated a total cavern volune of 14,583,000 barrels. The
cavern shapes indicated by both surveys were grossly different
from the shape of Figure 1, presumably because of
msinterpretation of the raw data

The brine filled cavern and wel| systemwas hydrostatically
tested to a wellhead pgessure of 715 psi for 24 hours. The
certification docunent * states that less than a 10 psi
pressure drop occurred during the 24-hour test. The cavern was
certified by @Qulf Interstate Engineering Conpany (GEC) for
storage of crude oil on Novenber 8, 1977.

On September 25, 1977, drilling operations began on reentry
well 6-B by @EC> The operation was halted on Novenber 11,
1977, at a depth of 3208 feet (true vertical depth of 3186 feet)
after all cenented casing strings had been installed as shown in
Figure 2. Drilling pas resumed on July 3, 1978 by Louis Records
and Associates, Inc. The cavern was entered on July 14,

1978. The wel| was | ogged by both G EC and Loui s Records>s§,
The well histories do not indicate that a pressure test of the
casing seat was perfornmed. A 9 S/B-inch brine string was hung to
a depth of 3365 feet.

Reentry well 6C was drilled and conBIeted.to cavern entry
by Loui s Records begi nning on June 26, 1978, with conpletion on
August 4, 1978/ (Figure 2). The 13 3/8-inch casing was tested
to 950 sig surface pressure. The well was |ogged and cored
from 2194 teet to 2250 feet. A 9 5/8-inch brine string was hung
to a depth of 3365 feet. (During the |ast well workover,
Eangln%zitrlng depth was increased to 3374 feet, as shown in
igure 2.

Both wells 6B and 6C entered the cavern after oil storage
had begun.



Drilling operations began on reentry wel|l 6a8 on August
8, 1978, and drilling was suspended at a depth of 2240 feet on
Septenber 21, 1978, as a result of failure of a seal in well 6
and consequent cavern depressurization and an oil fire. This
wel | (Figure 2) penetrated the top of the salt but did not
enter the cavern. After extinguishing the fire, the drill pipe
was cut, allow ng approximtely 2000 of drilling assenbly to
fall to the bottomof the hole.

. “References 7 and 8 state that depths for wells 6A and 6C
in Figure 2 are referenced to the rotary table of the dril
rig, which is typically several feet above the ground |evel and

Bradenhead flange. It is presunmed, though not certain, that
dePths for the other two wells of Figure 2 have the sane
reference location. It is noted that the 7-inch cenented

casing of well 6 had not been installed at the tinme of the
cavern accident. The well was being operated with a 5 1/2-inch
hanging string inside the 9 5/8-inch liner. As a result of the
accident, 2834 ft. of the 5 1/2-inch casing was dropped and
probably has fallen into the cavern, as it is not now
obstructing the well bore

Locations of the wells and the relation of cavern 6 to the
nearest caverns are shown in Figure 3. Relative locations of
bor ehol es at cavepn roofs were obtained from azinuth and
deviation surveys?r?

~ On Septenber 21, 1978, the 5 1/2-inch hanging string was
being pulled fromwell 6 when a bridge plug near the bottom of
the string failed, causing a well blowout. It was not possible
to cap the well, and the oil flowing fromthe well caught fire
and burned 5 days before the well was capped. During the fire
an estimted 72,000 bbls was spilled, and 52,000 bbls of'the
spilled oil was recovered and stored in other site caverns. As
a result of the blowout and loss of oil, the pressure at the
cavern roof was |owered from about 1900 to 1250 psi and the
useability of Cavern 6 as a crude oil storage cavern was
reexam ned. The DOE/SPRPMO decided to atteg&t to recertify the
cavern, and Jacobs/D'ﬁppolonia Engi neers (JDE) prepared a
recertificatton plant® Fhe 3DE plan was subsequent!y
nodi fied by Texes Bri ne Corporation (TBC) and Sandi a Nationa
Laboratories *+¢r+4 and approved by SPRPMO before
recertifiction activities were started.

Ol wthdrawal began on Cctober 19, 1979, and was
conpleted on February 3, 1980. During the period of oi
wi t hdrawal TBC nmeasured the vol ume of crude oil wthdrawn, and
periodically logged the oil/brine interface depth. Conparisons
of measured interface nmovements with expected interface
movenments for the volune w thdrawn suggested significant



inaceuracies in the cavern sonar caliper survey performed in
1977%  The inventory volume of oil remaining 1n the cavern
fol | owi ng the accident was 6,899,447 net bbls (volune at 60°F
and at mospheric pressure).

TBC, under contract to Dravo Uilities Construction, Inc
(DUCI') began workovers and |ogging wells 6B and 6C in February
1980 and conpleted these activities in April 1980.

W lianms Brothers/Fenix and Scisson (WF&S) began workover
and | ogging of well 6 in April 1980 and phase 1 of the workover
was conpleted in May 1980. After review of the | ogs obtained
on well 6, the *decision was made by DOE/sprPMO on May 23, 1980,
to run and cement a seven-inch production casing into the
salt. Cenentation of the caging to a depth of 2750 feet was
completed in Septenber 198@+°. The well 6 configuration
following this workover i s that shown in Figure 2.

The first recertification pressure test using the approved
plan, hegan Septenber 20, 1980 and terminated Cctober 10,
1 . Test results indicated a cavern pressure decay rate
of about 1.0 psi/day at maxi num operating pressure. Analysis
indicated that. the |eak rate corresponding to this pressure
decay rate was quite large, but could not be precisely
determ ned because of inability to determne the effects of
salt creep on pressure. The analysis further indicated that
even if salt creep effects could be predicted, limtations on
measurenent accuracies would result 1n predicted |eak rate
uncertainties of possibly + 4000 bbls/yr.

Because of the indetermnate effects of salt creep and the
| arge uncertainties in predicted |eak rates due to neasurenent
limtations, procedures were developed for well |eak tests
whi ch woul d not require a know edge of salt creep effects and
woul d be |ess sensitive to nmeasurement limtations>  The
logic leading to this procedure was a follows; the probability
is high that any cavern leaks will be in the vicinity of wells
where the conpetent salt has been breached,’ and therefore, that
well leaks will equal total cavern |eaks. The procedure
involves filling the well (slick hole) or well annulus with
n|trp?en to a depth below the casing seat; allowing a
stabilization period for the nitrogen tenperature to reach
quasi equilibriumwth the borehole; and then neasuring the
vol ume loss of nitrogen over a period of time using interface
measurements.  The use of nitrogen has a di sadvantage in that
considerable effort is required to correlate nitrogen and oil
|l eak rates but is probably superior to the use of oil in
caverns EreV|oustr used for oil storage. An attenpt to nmeasure
wel | leak rates during the first recertification test using
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oil filled wells and a brine filled cavern was conpletely
unsuccessful. Ol fromtraps in the cavern roof was released
into the wells, due to cavern roof flexing when the cavern was
pressurized, and conpletely masked any effects of oil |eakage
fromthe wells.

A nitrogen well | eak test was made during the period
January 8-26, 1981+°, The test indicated substantial

nitrogen | eakage from well 6C (2290 bbl/yr) and significant
nitrogen | eakage fromwell 6 8554 bbls/yr). DOE/ SPRPMO deci ded
to try to repair these two wells. Texas Brine Corporation
attenpted to locate and repair |leaks in these wells during
April and May 1981. A possible |eak at the 13 3/8-inch casi ng
hanger at the wellhead of well 6C was indicated, and an
adjustment to the hanger was made. Attenpts to set cenent
plugs in the open borehol es bel ow the casing seats for casing
seat and casing tests were unsuccessful. Attenpts to |ocate

| eaks in the casings were also unsuccessful because of

I nconsi stent and uncertain Ca%k%? 8acker performance. Workover
attenpts were termnated and SPRPMO deci ded to make anot her
attenpt to recertify the cavern followng the sane cavern test
plan and nitrogen well test procedures

A cavern pressure test and wel| |eak test was started June
6, 1981, and conpleted July 12, 1981. Results of this test
indicated satisfactorily low |leak rates, and oil storage in the
cavern was started July 13, 1981.

LOGG NG AND OTHER DI AGNOSTI C ACTI VI TI ES

Results of m neralogy and structural testing of salt core
fromwell 6C is published in Reference 17. The testing
indicates conpetent salt with mneralogy and mechanica
properties of dome salt.

Side wall salt sanples were taken fromwells 6B and 6C
These sampl es contained oil within the salt such that the salt
was nore discolored near the borehole than it was deeper in the
formation.  The side wall sanﬁles were approximately an inch in
di aneter by 3/4-inch long. The tyFlcaI amount of oil was 0.3
wei ght percent in the well 6B sanples and 0.1 weight percent in
the 6C sanples. The larger concentration corresponds to |ess
than 300 bbls of oil absorbed in the surface of the entire
cavern.



The hanging strings fromwells 6B and 6C were renmoved in
March 1980 and were tested and inspected as defined in
References 18 and 19. The conclusion is that after two years
of subnersion in the salt brine, there is no evidence of
significant corrosion. The mechanical property tests verified
that the casing meetsthe strength requirenents of APl grade
K-55 and that the collar meetsthe strength requirements of AP
grade H 40.

~Many logs were run in the three wells to determne the
conditions of the wells. Table I includes a listing of these
logs, together with previous |ogs which are available. Table
'l includes conmrents on someof the logs and Table 111 includes
nonencl ature for Tables | and Il. A selected few of these |ogs
are included in Reference 14.

In addition to well diagnostic purposes, severa
tenperature | ogs were run over a period of several nonths to
determne the rate of brine tenFerature change in the cavern
since cavern pressure is strongly dependent on tenperature.
These logs indicate an average caygrn brine tenperature
increase rate of about0.01°F/day-* corresponding to an
estimated pressure increase rate of 0.17 psi/day. Results of
sanples of these logs are presented in Figure 4 primarily to
illustrate borehole formation tenperature. The results for
well 6C relative to the other wells indicate that brine ma
have been removed fromthe well a relatively short timebefore
the log was run.

“Brine sanples at various depths in the cavern were taken
at different tines over a period of several nmonths to determ ne
the rate of change of brine salinity and thus the rate of salt
solutioning in the cavern. Figure 5 is a graph of the
difference between saturation salinity and average measured
salinity from Reference 14. Although the cavern brine is only
slightly unsaturated and the indicated solutioning rate appears
quite low, its effect on cavern pressure was estimted in
Reference 14 to causea pressure decay rate of 0.24 psi/day.

Cavern gopat. Surveys vere made through each of the three
cavern wells<r<Yr4-_ Total cavern volumes cal cul ated from
the three surveys are as follow

Vell 6 8,605,733 bbl s
Veél| 6B 8,007,157 bbls
Vell 6C 8,082,741 bbl s

11
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Vertical sections determned fromthe surveys through wells 6B
and 6C are simlar to those of Figure 1 for the well 6 survey.
The differences in volume are consistent with a quoted radius
accuracy of 5-percent fromthe surveys. Intuition suggests
that the survey through well 6, which is nearer the center of
the cavern, should be better than surveys through the ot her
well's located over 180 feet away. The oil-brine interface at
the beginning of oil *wthdrawall was at a depth of 3300.5 feet.
The volume of oil renoved fromthe cavern was 563,300 bbls nore
than the cavern volume above this depth indicated by the sonar
survey through well 6.

Fo!lomﬂn? the attempt to locate and repair the leak in
wel | 6 indicated by the January 1981 well leak test, a drill
string and a caliper logging tool were |owered into the cavern
and indicated the cavern floor was about 8 feet above its
previous depth. The drill string |ost tension when it
contacted the new floor but dld_Benetrate to the original floor
depth.  This suggested the pOSSI ility of some roof fall. An
abbreviated sonar survey<< was made to examne this
possibility. The surveg i ndi cated the primary change in the
cavern floor was an 8-10 foot rise directly under the well 6
entry. The floor apﬁeared to be affected over a radius of 20
to 70 feet, though the effect decreased rapidly with radius

At the cavern roof, the previous survey? i ndi cated borehole
radii of about 4 to 9 feet at a depth of 3228 feet, whereas the
new survey indicated radii of 395 to 431 feet at this same
depth. Al though these dinensions indicate the |oss of a |arge
dianeter thin slab, there is considerable question regarding
the capability of the sonar to nake such a discrimnation in
the vicinity of a flat roof. It is not possible to draw firm
conclusions on the extent of any roof fall, though it appears
probabl e that some did occur.

FI RST CAVERN RECERTI FI CATI ON PRESSURETEST
OF SEPTEMBER- OCTOBER 1980

~During the first unsuccessful pressure testl4, a hol | ow
drill strln?_mas hung in well 6 and the annuli of the three
wells were filled with crude oil to depths well below the
casing seats. The cavern was pressurized to a mnimum depth
casi ng seat gradient of 0.86 psi/ft, the maxi mum al | owabl e test
gradient, and then shut in for 34 hours. Pressure was then
reduced to the maxi num al | owabl e operating gradient of 0.80
psi/ft and the cavern was shut in tor 7 3/4 days.

Pressure-vol ume data col |l ected during pressurization and
depressurization of the cavern indicated a near constant val ue
of elasticity of about 57 bbls/psi over the ﬁressure range:
that is, 57 barrels of brine injected into the cavern or
recovered fromthe cavern resulted in a 1 psi change in cavern
pressure.



Pressure results were recorded using several transducer
sKstenB with digital recording of pressures. During the
shut-in period at maximum allowable test gradient, pressure
decay rates appeared to still be decreasing at the end of the
shut-in period. However, the decay rate from |inear
regressions of the last 16 hours of test data indicated
pressure decay rates-of 15.5 + 2.1 psi/day.

~During the shut-in period at maxi mumal | owabl e operating

gradient, the pressure decay rate appeared near constant after
the first 2 3/4 days of shut in. Linear regressions of data
for the last 5 days of this portion of the test indicated a
Bressure decay rate of 0.98 + 0.12 psi/day. Analysis of cavern

rine tenperature and salinity data indicated thermal and
solutioning effects could cause a cavern gressure decay rate of
0.06 to 0.15 psi/day. The remaining 0.875 + 0.165 psi/day
decay rate is due to cavern |eakage and salt creep and there is
no way to separate the two contributions. Since salt creep is
normally expected to cause cavern pressure to increase, it
appeared that pressure decay due to | eakage nust be at |east
0.875 psi/day. Wth cavern elasticitr of 57 bbhls/psi, this
pressure decay rate corresponds to a [eak rate of 49.9 bbls/day
or 18, 200 bbls/year.

In consideration of the |imtations of conventiona
pressure testing for accurately determning cavern leak rates
this cavern pressure test included plans for measurenent of
well leak rates. The well annuli were filled with crude oil to
depths bel ow the casing seat; so that oil losses fromthe wells
could be determined fromoil brine interface neasurenents
before and after the test. The desired results were not
obtained fromthis part of the test because oil was rel eased
fromtraps in the roof of the previously oil filled cavern,
entered the cavern wells during the test, and conpletely masked
any interface nmovement due to well |eaks

VELL LEAR TEST OF JANUARY 1981

- For the well leak test of January 1981, a hol | ow 2-7/8"
drill string was hung in well 6 to a depth well below the
casing seat. N trogen was injected into the annuli of the
three wells to depths of 40 to 80 feet below the casing seats
The cavern was pressurized to about 450 psi wellhead brine
pressure. This pressure was |imted by the wellhead design
pressure of 2000 psi and the relatively high wellhead nitrogen
pressure required for the desired nitrogen-brine interface
depths.  This operating condition corresponds to a mninum
depth casing seat pressure gradient of 0.69 psi/ft. Additiona
nitrogen was added to achieve the desired interface depths and
the wells were shut in.

13
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The original interface |ocation in each well was
established wth an interface log. Interface depths were then
neasured twice during the subsequent 9 to 10 days.  Upward
novement of the interface indicated a loss of nitrogen. After
the last interface nmeasurements, the weight of nitrogen
required to reestablish the original interface depth was
measured. Brine pressures were neasured at the wel | heads of
welI's 6B and 6C and nitrogen pressures were neasured at all
wel | heads. An attenpt to nmeasure brine vol une injected during
the pressurization was unsuccessful, but volumes renoved were
measur ed during depressurization froma wellhead brine pressure
of 415 to 260 psia. These results indicated cavern elasticity
of 53.0 bbls/psi, conmpared with a value of about 57 bbls/psi
from the previous pressure test.

. Cavern 6 pressures measured during the test are shown in
Figures 6 to 11. Two pressure probes were used for nitrogen
pressure measurements on well 6 (Figure 6 and 7) for redundancy
and the pressures indicated by the two probes are near
identical. After pressurizing the cavern with brine and
resetting the interface, the pressure decayed gradually unti
about 170 hours, and then varied erratically for about 120
hours. Both probes used a single data processor and a probl em
was suspected with the processor: however, the processor was
changed with no apparent affect. It is now believed that the
erratic variations were due to bubbles of oil entering the well
and rising through the brine to the nitrogen interface. The
pressure plateau reached at about 300 hours began at the time
nltro?en was added to reestablish the original interface at the
end of the test. The higher pressure at the end of the test,
with the sane interface depth, is attributed to an increase in
oil colum height in the borehole.

After pressurizing the cavern and resetting the interface
both the brine and nitrogen pressures for well 6B decreased
slightly for about half the shut-in period of about 340 hours
and then increased slightly for the reminder of the period
(Figures 8 and 9). The brine pressure of well 6C behaved
simlarly (Figure 10). However, the nitrogen pressure of wel
6C (Figure 11) decreased continuously with time. The rapid
increase in well 6C nitrogen pressure decay rate at about 260
hours is believed to have been due to the interface rising from
t he relativeuy | arge di anmeter open borehole into the smaller
di ameter cased portion of the well. The abrupt increase in
pressure at about 290 hours is a result of adding nitrogen to
reestablish the original interface at the end of the test.

_After the pressures began to rise during the latter
portion of the shut-in period |inear regressions were obtained
for well 6B brine and nitrogen pressure data and well 6C brine



pressure data. Results of these |linear regressions at a cavern
wellhead brine pressure of about 445 psia were as follows:

El apsed Tinme Pressure Increase
Dat a Hour s Rate- psi/day
6B - brine 218 to 386 0.288
6B - nitrogen 218 to 386 0. 240
6C - brine 224 to 344 0.624

These pressure increase rates conpare with a cavern brine
pressure decay rate of 0.98 + 0.12 ﬁSI/day during the first
pressure test at about 640 psia. The conparison is consistent
with lower |eak rates and higher cavern creep closure rates at
the |ower pressure. Follow ng the [eak test, nitrogen was bled
fromthe wells and the cavern was depressurized to 260 psia and
shut in. Pressure instrumentation was left on the brine string
and annulus of well 6B for about 48 hours. Wellhead brine
pressure during the last 24 hours of this period was about 268
Psfﬁ and the pressure increase rates were near constant, as

ol | ows:

El apsed Time Pressure Increase
Dat a urs Rate - psi/day
6B - brine string 434- 458 4.22
6B - annulus 434- 458 4,51

ResT%tS of the interface depth measurenments are shown in
Table IV+°, The results indicate significant upward
movements of the interfaces in wells 6 and 6C and a slight
downward movenent in well 6B. There is a possibility of some
nltro?en tenperature change between the first and second
interface measurements so the second and third neasurenents
were used for volume calculations. Nitrogen volumes at the two
interface levels were nornalized to a constant pressure.  For
volumecal cul ations the borehole vol une was estimated at; 0.175
bbls/ft for well 6B frominjected nitrogen weight and interface
depth neasurenents during a subsequent test; and 1.0 bbls/ft
for well 6C frominjected oil volumeand interface depth
measurements during an earlier test. The borehole volume Of
wel | 6 was not required because the second and third interface
were in the cased portion of the well where the geonetry was
known.  Results of these calculations are as foll ows:

15
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Leak Rate

Ve 11 bbls/yr
6 43
6B 4
6C 2290

The above | eak rates include | eakage fromboth the casing and
casing seat of wells 6B and 6C but only casing | eakage for well
6. It is noted in Table IV that for well 6, the interface
movenent between the first and second measurenents was 46 feet
in 123.5 hours, whereas between the second and third
measurenents which were used in the calculations it was only 21
feet in 121 hours. In view of the fact that the open hole

vol ume Eer foot of depth is greater than that of the cased
hole, this su%gests a considerably greater leak rate below the
casing than the 43 bbls/yr cal cul ated above. TO get a rough
idea of casing seat |eakage for well 6, a volume calculation
was nade.u5|nﬁ the first and third interface locations. The
cal culation thus includes an error due to an¥ nitrogen

t enperature change following the first interface measurenent.
For this calculation, borehole volune bel ow the casing seat was
estimated at 0.128 bbls/ft frominjected nitrogen weight and
interface depth measurenments. The cal culation indicates an
average |eak rate of 217 bbls/yr. Assuning the leak rate with
the interface in the casing is constant at 43 bbls/yr, as

cal cul ated above, the interface would have reached the casing
seat 161.3 hours before the final neasurenent, and therefore
83.2 hours after the initial neasurement. The resulting rate
of movenment bel ow the casing seat corresponds to a | eak Kate of
about 530 bbls/yr.

Fok well 6c, the third interface neasurenent was 2 feet
bel ow the casing seat. An attenpt to nmeasure a fourth
interface in the casing to get an idea of casing |eakage was
unsuccessful. Also, an attenpt to define interface novement in
the casing from neasured pressures reveal ed inconsistencies
which could not be resolved. Thus, leak rate after the
interface entered the casing could not be defined. During the
course of the test, nitrogen was found bubbling to the surface
around the wellhead, and the annulus between the 13 3/8-inch
and 20-inch casing at the well-head was found to be pressurized
to 1860 psi. This was an indication of a possible [eak at the
13 3/8-inch hanger

The leak rates of nitrogen calculated above are greater
than rates expected with an oil filled cavern. However, a
correlation of oil and nitrogen leak rates is not possible
wi thout a nuch nore detailed know edge of the |eak than is
possible from tests such as these. [t is possible in certain



types of |eaks for the volunetric loss of oil to be a
significant fraction of volumetric loss of nitrogen. It was
therefore deemed advisable to attenpt repairs of wells 6 and
6C.  The leak rate calculated for well 6B was considered

i nsignificant.

~ During the above test, wellhead pressures on cavern 9 were
monitored. ~ Cavern 9 is the nearest cavern to cavern 6 (Figure
3), and therefore, the one nmost likely to be in comunication
with cavern 6. Brine and oil pressures fromwell 9B are shown
in Figure 12. The abrupt drop in well 9B pressures at about
220 hours resulted froma bleed off of cavern brine. The
increase in pressures at about 408 hours resulted from a
transfer of brine to cavern 9 fromcavern 6 during its
deFressprization, Results of cavern 9 pressure change with
volune injected indicated a cavern elasticity of 58.5 bbls/psi
for brine pressures between about 40 and 200 psia. It is noted
that this cavern is oil filled and the elasticity is not
directly conparable to that for brine filled cavern 6

Results of Figure 12 indicate the typical pressure
increase with tine with cavern 9 shut in at | ow wellhead brine
ressures. Linear regressions were obtained for the oil and
rine pressures before the brine bleed off at 220 hours and
before the pressurization at 406 hours. The results of these

linear regressions, for the record, are as follows:

Agproxinate .
ressure Elapsed Time  Pressure Increase

Dat a Level, psia Hour s Rate, psi/day
Vell 9B - brine 50 160 - 220 1.42
| 9B - oil 540 160 - 220 1.58
98 - brine 41 356 - 406 1.94
9B - 0i | 529 356 - 406 1.99

The first 60 hours of data for cavern 9 oil and brine
pressures and for well 6B brine gressure have been plotted on
expanded scales to illustrate affects of cavern 6
pressurization on cavern 9 (Figure 13). This figure shows
cavern 9 pressures generally increasing up to about 28 hours
when cavern 6 pressurization was started. During cavern 6
pressurization, from 28 to 37 hours, cavern 9 oil and brine
pressures dropped about 2 psi. Following this cavern 6
pressurization period, cavern 9 pressures immediately started
increasing again. These results are considered a positive
indication of the absence of comunication between the two
caverns since the pressure change direction in cavern 9 is
opposite to that in cavern 6. The results could be expl ai ned
as follows: pressurization of cavern 6 causes its roof to rise
and this salt motion results in a nuch smaller notion in the
sane direction of the cavern 9 roof, with a resulting increase
in cavern volunme and decrease in cavern pressure.
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CAVERN PRESSURE TEST AND weLL LEAK TEST
OF JUNE - JULY 1981

. Fol | owi ng workover Of wells 6 and 6c after the previously
di scussed wel | leak test, a combined cavern pressure test and
well leak test was initiated June 6, 1981

The cavern pressure test included, (1L pressurizing the
cavern to maxi num al | owabl e pressure with brine; (2) shutting
the cavern in for eight days: (3) reducing the cavern pressure
to maximum operating pressure; and (4) shutting in the cavern
for five days. This phase of the test was the sane as the
first Pressure test wth two exceptions, there was no oil _
initially injected into the boreholes and the length of shut-in
period was |onger at maxi mum al | owabl e pressure and shorter at
maxi num oFerat|ng pressure. The longer shut-in period at

maxi mum al | owabl e pressure was used 1 n an unsuccessful attenpt
to reach a steady rate of pressure change with tinme. The
shut-in period at maximum operating pressure was term nated
when it appeared that rate of pressure change with tine was
constant .

~ Prior to the well leak test and followi ng the shut-in
period at naximum operating pressure, the cavern pressure was
reduced to 450 psi and the cavern was shut in for five days
Nitrogen was then injected in the wells to depths of 28 to 83
feet Dbel ow the casing seats. The well |eak test was basically
the same as the test” described previously with two
di fferences. (1) In this test, there was no hanging dril
string in well 6 and this reauired lowering the interface
logging tool directly into the nitrogen in the well. Each
entry rnto the well required filling a lubricator (used for
| oggi ng topllentr¥) with nitrogen fromthe well, and introduced
the possibility of additional nitrogen |eakage at the
wel ' head.  (2) Nitrogen was injected into the wells with cavern
brine pressure already at test pressure, whereas in the
previous test, the nitrogen was injected before pressurizing
the cavern and an adjustnent of nitrogen-brine interface depth
was made after the cavern was pressurized

~In the present test, after nitro%en was injected to the
desired interface depth, periods of 43 to 49 hours were allowed
for nitrogen tenperature to approach, on a bulk basis
equilibriumw th the borehole tenperatures. At the end of this
stabilization period, interface logs were run to neasure
reference interface depths. Seventy-one to ninety-five hours
later, interface logs were repeated to determ ne movenent from
the reference depth. This novenent was used to calculate
nitrogen volume [oss. Wight of nitrogen versus interface



depth was nmeasured during the initial injection to define
borehole volume as a function of depth at pertinent depths. It
Is believed that nitrogen weight nmeasurenents during this test
were nore dependable than those during the previous test,
primarily because neasurenent techniques were nore devel oped.

Fol lowing the we.11 leak test, the nitrogen was bled from
the wells and cavern pressure was reduced to 150 psi and the
cavern was shut-in for about four days until the rate of
pressure change with tinme appeared constant.

The portions of the test with the cavern filled with brine
and shut-in at 450 psi and 150 psi were in addition to the
cavern pressure and well leak tests, The purpose of these
addi tional steps was to provide information which mght lead to
a better understanding of cavern creep, which is essential to
determining a leak rate from pressure test results. The |ower
pressure of 150 psi is above but near the value required to
duplicate casing seat pressure during quiescent oil storage at
near zero brine head pressure.

Figure 14 is a graph of brine pressure in the cavern
during the conplete cavern pressure and well |eak test.
Pressure data of this figure are representative of all cavern 6
pressures neasured with the exceptions of nitrogen pressures
during the well leak test, and well 6 pressures which were at
tines influenced by oil being released fromcavern roof traps
and rising up into the well.  The pressures will be discussed
in considerable detail later.

Vel |l Leak Test

Wellhead nitro?en and brine pressures obtained during the
wel | |eak portion of the test are shown on expanded scales in
Figures 15 and 16. After the interface was initiallg set in
well 6 at 612 hours, the pressure decayed for about 30 hours
possibly due to nitrogen tenperature stabilization. Between
the two interface measurenents at 659 and 730 hours, pressure
increased at a near constant rate. Pressure drops of about 1.5
si are noted at the time of each interface measurenent, due to
oss of nitrogen when the well was vented to the lubricator to
al low the Ioggln% instrument to enter the well. The drop in
pressure at 734 hours f0||0MAn? the second interface
measurenent was due to bleed off of nitrogen fromwells 6B and

The rise in both nitrogen and brine pressure for wells 6B
and 6C at 609 hours, F|%ures_15 and 16, is a result of charging
well 6 with nitrogen. he rise in nitrogen pressure of well 6C
and brine pressure of wells 6B and 6C before 596 hours is due

19



20

to charging well 6B with nitrogen. The drop in nitrogen and
brine pressure for well 6c at 709 hours was due to installation
of a new set of instrumentation. Lightning had struck well
during an electrical storma few hours earlier.

Interface depth measurements are presented in Table V.
The times between the- first and second interface measurenents
are considered to be tenperature stabilization periods.
Vol unes | ost between the second and third interface
measurements were used for calculation of |eak rates. In the
cal cul ations, volunmes were normalized to constant pressure to
elimnate the affect of nitrogen pressure change on vol ume.
Vol unes of the uncased portion of the wells, ich were used in
the volume |oss calculations, were the same as described for
the previous test for wells 68 and 6C. Workover operati ons on
well 6 between the two tests affected the uncased portion of
the well. Weights of nitrogen injected into well t oget her
with interface depth neasurenments during charging of the well
with n|tro%en for this test indicated 0.0695 bbls/ft between
2744 and 2786 foot depths and 0.1432 bbls/ft between 2786 and
2820 foot depths. These well volumes were used in leak rate
calculations for well 6. Results of the |eak rate cal cul ations
are as foll ow

Leak Rate
Leak Rate From Previ ous Test
[ BBLS/ Yr BBLS/Yr
6 26 530%
6B 0 4
6C 236 2290

*Bel ow casing seat

For well 6 the leak rate is 60-percent of the valuecal cul ated
for the previous test when the nitrogen-brine interface is in
the casing, a difference too small to be considered
significant. It is nmore than an order of magnitude |ess than
estimated values fromthe previous test with the interface

bel ow the casing seat. Although there was sone question about
the effect of nitrogen tenperature stabilization in the _
cal cul ations bel ow the casing seat for the previous test, this
difference is large enough to indicate a significant decrease
in well [eakage during this test. The only plausible

expl anation appears to be that somecasing seat |eaks were
seal ed by cenment during attenpts to set a plug in this well
during well workover between the two tests.

For well 6C the |eak rate is about an order of magnitude
| ess than calculated for the previous test. Durin% t he
previous test, there were indications of |eaks at the 13 3/8"



casing hanger at the wellhead. Between the two tests it was
found that the hanger installation was not exactly correct and
adjustnents were made to correct it. Attenpts to |ocate other
casing and casing seat |eaks between the two tests were
unsuccessful. It thus appears that nost of the |eak of the
previous test was at the hanger.

Experience during the workover of well 6 and 6C indicated
the extrene difficulty of f|nd|n% | eaks of 200-300 bbls/yr
(0.96-1.44 gal/hr) of nitrogen. The |leak rate of a test fluid,
such as saturated brine used during workover of wells 6 and écC,
woul d be a fraction of the nitrogen |eak rate, and the fraction
could be quite small depending on details of the |eak. The
previously determned leak in well 6 was not |ocated and is
presuned to have been sealed during attenpts to set cenent
plugs bel ow the casing seat during workover. The present |eak
in well 6Cis of this same nagnitude, is presumed to have
exi sted since adjustnent of the 13 3/8-inch hanger during
wor kover, and could not be |ocated. The well configuration,
with the casing seat near the cavern roof and a relatively
| arge open hole in the salt between the casing seat and cavern
roof, made it appear doubtful that a conpetent cement plug
could be set. During workover, tests of the cased portion of
the well with one and two stage packers illustrated that
packers frequently do not seal absolutely and there is no way
to distinguish a packer leak froma well leak.

Since it appeared inpractical to continue trying to |ocate
and repair the relatively small |eaks found in wells 6 and 6C
at wellhead brine pressures of 490 psi, it was necesary to
deci de whether such leak rates should preclude use of the
cavern foE oil storage. A review of pressure drop
equations 43 indicates that for turbulent flow through rough
wal | flow passages, volunmetric loss rates of crude oil could be
as high as about one-third the volumetric loss rates of
nitrogen at 100 atmospheres pressures and 100°F. From this
mexi num volumetric |loss rates of crude oil decrease about 2
orders of magnitude for lamnar flow. At the maximumratio of
one-third oil to nitrogen volumetric loss rate, the conbined
nitrogen leak rates of 26 bbls/yr fromwell 6 and 236 bbls/yr
fromwell 6C would correspond to crude oil [eaks which do not
exceed the DCE criterion of 100 bbls/yr for a cavern at the
test pressures.

A conparison of pressures at the wellheads and casing
seats during the test with simlar values during oil filled
storage at maxi mum operating pressure (0.8 psi/ft to the
shal | owest casing seat) and at atnospheric wellhead brine
pressure is presented in Table VI. It is noted in Table VI
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that wellhead Bressures of 1100 :
0 psi above the 900 psi

pressure are 2

of 985 psi, and 900 psi
Reducti on of wellhead oOil _
woul d reduce wellhead brine pressure and casing
a correspondi ng anount.

wel | head).

sia at maxi mum operating

ar ¢ _ ( _ limtation of the
surface piping (piping is Cspec wth maxi num working pressure
is considered a realistic limt at the

pressures by 200 psi
seat pressures

[f this limtation is used to define

maxi mum st or age pressure,

[ t he casing seat pressures are closely
approxi mated by the test val ues.

“Hydraulic calculations by JDE for the current cavern well
configurations have indicated the follow ng maxi mum flow rates

and pressure drops.

Ol Flow Pressure Drop Pressure Drop

Rat e In Gl In Brine Factor Limting
bbls/day Passages (psi) Strings (psi) Fl ow
Maxi mum
Ol Wth-
dr awa
Rat e 172,000 340 102 23 ft/sec
velocity in 7"
casing of well &
Maxi mum
Gl In-
ection
te
(Cavern
Empty) 172,000 340 91 23 ft/sec vel -
ocity in 7"
casing of well 6
Maxi mum
al In-
| ection
te
(Cavern
Empty) 160, 000 298 81 900 psi limt
on surface
PIprng
During oil injection with the 900 psi surface piping _
limtation, pressure drops due to oil flow will reduce casing

seat pressures below the test pressures.

transi ent wellhead Oi | . _
oil withdrawal, design pressure in the oi

during w thdrawal

is 150 psi.

pressures are nor mal

Al t hough high
during startup of
line at the wellhead

Wth this wellhead pressure,



wel | 6B casingoseat pressure at maxinumw thdrawal rate is 1485

psia, nearly 400 psi below the test pressure. I'n sunnarK, t est
pressures at the casing seat and wellhead were greater t han any
expected pressure during fill, storage and wi thdrawal . It was

thus concluded that the measured well |eaks represent an upper
bound and should not preclude oil storage.

Cavern Shut in at Mximum Al |l owabl e Pressure

~The cavern wells were filled with brine during this
portion of the test, whereas during the conParabIe portion of
the Septenber 1980 test, the wells were filled to depths bel ow
the casing seats with oil. Wth brine filled wells, wellhead
pressure corresponding to the maxi numtest gradient of 0.86
psi/ft to the shall owest casing seat would be about 875 psi
However, during the previous test, considerable oil was
rel eased from the cavern roof into the wells, causing an
increase in wellhead pressure. To insure that pressures woul d
not become excessive during this test, the maxi mum wellhead
brine pressure was limted to 800 psia which was conpatible
with ol filled wells down to the cavern roof and was
essentially the same as the previous test.

Wellhead brine pressures for this portion of the test are
shown in Figure 17. There was an abrupt drop of about 3 psi in
the well 6 pressure at 154 hours, attributed to a change of
Instrunentation. The rate of decay of well 6 pressure was |ess
than that of the other wells. At about 190 hours, the pressure
began to increase. The lower initial decay rate and the |ater
change to a pressure increase is attributed to oil being ,
rel eased from the cavern roof and entering the borehole” Ql
in well 6 was confirnmed later in the test. A though a simlar
affect is possible on the annulus pressures of well 6B and 6cC,
it is much smaller if it does exist. Nosuch affect is
expected for the brine string pressures.

_Brine string and annulus pressures of wells 6B and 6C
continued to decay for the 8 1/2 day shut-in period. The decay
rates decreased continuously with time and did not reach steady
rates. Figure 18 is a graph of average pressure decay rate
versus time. The rates for both brine string and annulus
pressures of each well were obtained fromlinear regressions of
pressures neasured over 24 hour time periods. Except for the
earliest three time periods, there are no significant
differences between values for the four pressures, indicating
no significant effect of oil entering the annuli of wells 6B
and 6C. The 8 1/2 day shut in period was allowed in an effort
to achieve a steady decay rate. The results of Figure 18
indicated several additional days might be required to achieve
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a steady decay rate. Since allomﬁn% these days woul d .
conprom se subsequent portions of the test, the shut-in period
was terninated.

Cavern Shut in at Maximum Cperating Pressure

Wellhead brine pressure of 650 psia was used for this
portion of the test. This corresponds to a pressure gradient
of 0.80 psi/ft to the shallowest casing seat with oil filled
wells. he five wellhead gressures for this portion of the
test are shown in Figure 19.

It is noted in Figure 19 that the pressures in well 6 are
consi derably higher and increasing at a considerably higher
rate than pressures of the other wells. This is attributed to
a continuing release of oil into well 6. The brine string and
annulus pressures of wells 6B and 6Cc all increase with tinme,
conpared with the decrease at the higher pressure. Seauential
l'inear regressions covering 24 hour time periods indicate a
near constant rate of pressure increase after 350 hours.

Li near regressions covering the last 70 hours of shut-in for
wel | 68 and 6C brine string and annulus data yield pressure
increase rates of 0.17 to 0.26 psi/day, with an average val ue
of 0.22 psi/day.

Cavern Shut in at 450 psia Pressure

During cavern depressurization from maxi mum operating
pressure to 450 psia, volume bleed off and cavern pressure data
wer e obt ai ned. hese data indicated a cavern elasticity of 57
bbls/psi, confirmng results from previous tests. These were
Rgglonly successful volume neasurenents during the June-July

test.

Pressures neasured during cavern shut in at 450 psi are
shown in Figure 20. As previously noted, the pressure and
pressure increase rate for well 6 is higher than for the other
well's, presumably because of oil entering the borehole.
Sequential linear regressions of well 6B and 6C wellhead
pressures covering 24-hour time periods indicate a near
constant rate of pressure increase after 520 hours. Linear
regressions of the 43 hours of data after 520 hours for brine
string and annulus data for these wells yield pressure increase
raﬁﬁg of 2.02 to 2.09 psi/day, with an average value of 2.06
psi / day.

| mediately following the data discussed above with the
cavern shut in at 450 psi, nitrogen was injected for the well
| eak test previously discussed. Prior to charging well 6 with



nitrogen, 50 bbls total of oil with sone brine were renoved
fromwell 6. The volunme of 1305 feet of 7" casing is 50 bbls,
and if this height of casing were filled with oi|l instead of
brine, the gressure woul d be increased by 193 psi. At the
begi nning of oil renoval, well 6 pressure was about 122 psi

hi gher than well 6B brine pressure.

Cavern Shut in at 150 psia Pressure

Pressures neasured with the cavern shut in at 150 psi are
shown in Figure 21. During this phase of the test, surface
pyplng was being connected to the wellheads in preparation for

il fril. This resulted in a considerable reduction of
instrumentation which could be operated and a consequent
reduction of data obtained.

Pressures for well 6 are still above those for wells 6B
and 6c, though by a nuch snaller anount than previously because
of the oil wthdrawn before the well leak test. The reason for
the abrupt change in rate of pressure increase for well 6 at
832 hours is not known.

. The data available for defining a steady rate of pressure
increase at this condition is very limted. The data selected
were the last 16 hours of data shown for well 6B and the |ast
24 hours of data shown for well 6C.  The results of Iinear
regressions of these data are pressure increase rates of 6.14
psi/day for well 6B and 6.22 psi/day for well 6C

Summary of Pressure Change Rate Results

The neasured rates of change of wellhead brine pressure at
different cavern pressures are sunmarized in Figure 22. The
figure includes results fromall three tests both with the
brine filled cavern and nitrogen filled wells.  The figure
shows a decreasin% Bressure change rate with increasing cavern
pressure, as woul e expected due to either salt creep or
cavern | eak.

Salt creep, the time dependent flow of salt under stressed
conditions, wll cause volune changes of underground salt
storage caverns. Changing vol umes correspond to changing
pressures, therefore, evaluation of salt creep is essential to
determne leak rate in ternms of cavern pressure. Salt creep is
a very conplex and inconpletely understood phenonenon. Finite
el ement methods, as currently used for salt creep anal yses of
underground salt storage caverns, are generally considered to
provi de comparative relative results, but only order of
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magni tude results in an absolute sense. Factors affecting the
accuracy of such analyses include trplcal relatively large
variations in neasured values of salt properties which nust be
used in the analyses, differences between the behavior of

| aboratory specimens and the insitu salt, the dependence of
creep on salt tenperature to about the ninth power, and the
tine dependent and stress history dependent nature of creep.
Unfortunately, order of nagnitude creep anal yses are inadequate
for analysis of cavern pressures to determne leak rate. It
appears possible that in-situ nmeasurements underway in caverns
may, in the future, provide data, to inprove the accurac¥ of
creep cal culations, possibly to the point where they would be
useful for pressure test analysis.

Figure 22 indicates that at 625 psia wellhead pressure
(maxi mum operating pressure), there was a 0.45 psi/day pressure
increase rate during the June-July 1981 test, conpared with a
0.98 psi/day pressure decreiie rate during the
Sept enber - Oct ober 1980 test +%. The difference of 1.43
psi/day with a brine filled cavern elasticity of 57 bbls/psi,

I ndicates a decrease in leak rate between the two tests of
29,800 bbls/yr at this pressure level. This very large
improvement In indicated leak rate is surprising. The

i ndicated inprovement of well nitrogen leak rate between the
two tests at 450 - 500 psia was an order of magnitude |ess than
29, 800 bbls/yr, and brine leak rate is normally expected to be
considerably less than nitrogen leak rate. It is certainly
possible that a leak rate could increase nore than an order of
magni tude with an increase in wellhead pressure from 450-500 to
625 psia, in that leak rate is proportional to the difference
between supply and discharge pressure to some power, and

di scharge pressure coul d be near supply pressure at the | ower
wellhead pressure. However, there is insufficient information
to conclude this explanation is viable.

. There are other apparent inconsistencies in the data of
Figure 22 which have not been explained. The difference
between data for brine filled cavern and for nitrogen filled
well results of the June-July 1981 test is nuch larger than
expected. The well leak test indicated a total nitrogen
| eakage of 262 bbls/yr, corresponding to a pressure decay rate
of only 0.013 psi/day, whereas the difference in decay rate
indicated by the figure is about 0.72 psi/day. This
|ncon5|stencY is not due to a nore elastic cavern with the
nitrogen filled wells. Al though nitrogen is much nore
conpressible than brine, its effect on cavern elasticity is
relatively small because of the relatively small volunme, about
SSP bbl's conmpared with a cavern volunme in excess of 8 mllion

S.



Simlarly, the difference between nitrogen filled well
data fromthe January 1981 test and the June-July 1981 test is
greater than expected. The difference in measured nitrogen
well leak rate fromthe two tests of about 2600 bbls/yr
corresponds to a pressure decay rate of 0.125 psi/day, whereas
the difference indicated on the figure is about an order of
magni t ude hi gher.

The nost probabl e expl anation for the discrepancies
bet ween neasured pressure decay rates of the different tests
(Figure 22) and between neasured |eak and pressure change rates
is believed to be that at |east some of the measured pressure
change rates, which appeared near constant, were in fact stil
chan%;ng, and therefore, that the pressure change rate data of
the Figure are not truly steady state val ues.

The results of Figure 22 are being used in attenpts to get
a correlation of finite element nodel analysis of cavern
behavi or with experinental results.

Effects of Cavern 6 Pressurization on Caverns 8 and 9 Pressures

~ Cavern 9 oil and brine pressures together with cavern 6
brine pressure during the pressurization of cavern 6 are shown
in Figure 23. Each period of.increasin? pressure in cavern 6
is acconpanied by a decrease in both oil and brine pressure in
well 9. This is the sane result indicated in Figure 13 from
data obtained during the January 1981 wel|l |eak test, and as
previously nentioned, is considered a positive indication of
the absence of fluid comunication between caverns 6 and 9.

Cavern 8 oil and brine pressure together with cavern 6
brine pressures during pressurization of cavern 6 are shown in
Figure 24. There is an increase in pressure in cavern 8 during
and follomﬂn? the first phase of pressurization of cavern 6.
This was explained by a partially open valve at well 8 which
allowed oil flowinto cavern 8 when oil was being punped into
cavern 7. After 40 hours, there is no clear effect of cavern 6
pressurization on cavern 8 pressures

Cavern 7 Pressures

Brine for pressurization of cavern 6 was obtained from
cavern 7 during the injection of oil into cavern 7.  Pressures

in cavern 7 during and following the oil fill are shown in
Figure 25. The sawtooth pressure profiles result from
intermttent flow of oil Into cavern 7. It was necessary to

backflush the cavern 7 brine string at tines because of salt
buil dup and a resulting increase in cavern pressures during oi
injection. There is _no clear indication that the varying

pressures in cavern 7 had any effect on pressures in caverns 6,
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8, or 9. Follow ng theconpletion of oil fill, cavern 7 was

il
shut-in and pressure instrunentation was left on cavern 7 for
about 7 1/2 days. As a matter of record, |inear regressions of
5 days of pressure data toward the end of this shut-in period
indicated a brine pressure increase rate of 1.75 psi/day and an
oil pressure increase rate of 1.94 psi/day.

SUMVARY DI SCUSSI ON

uring the cavern brine pressure test of Septenber-Cctober
198014 a cavern pressure decay rate of 0.98 + 0.12 psi/day
was neasured at a naxinum operating pressure gradient of 0.8
psi/ft. Calculations of the effects of neasured cavern brine
tenperature and sallnlty change rate indicated the thermal and
solutioning effects could explain a net pressure decay rate of
about 0.06 to 0.15 psi/day. The remmining pressure decay rate
of 0.71 to 1.04 psi/day was attributed to a combination of salt
creep and |eakage. It was not possible to separate these two
effects. If it is assumed that there is no effect of salt
creep and that the unexpl ained pressure decay rate is due only
to |eakage, the leak rate woul d be 14,800 to 21, 600 bbls/yr.
If salt creep is in the normally expected direction to cause
cavern closure, it would causea pressure increase and the
resulting indicated |eak rate would be correspondingly higher.

Because of the inability to separate the effects of |eak
and creep, and therefore the inability to determne total
cavern leak rate froma conventional pressure test, a well leak
test was devised to measure |eak rates of nitrogen from the
well's alone. The logic of the test was that the most probably
points of leaks in an entire cavern are in the vicinity of
wel |'s where the conpetent salt has been breached, and
therefore, that well leak rates are probably total cavern |eak
rates. This logic is subject to serious question in cases
ghere the cavern is near another cavern or the edge of the salt

one.

A well leak test was nmade in January 1981 which indicated
two of the three cavern 6 wells were leaking, well 6 at a rate
of over 500 bbls/yr of nitrogen and well 6C at a rate of over
2000 bbls/yr. The test was limted to a wellhead brine
pressure of 450 psi because of maxi mum al | owabl e wellhead
pressure’ of 2000 psi. The | eaks were considered serious enough
to warrant well workovers.

Fol | owi ng workover of wells 6 and 6C, the brine pressure
test and well leak test were repeated in June-July 1981.  The
wel | leak test indicated that at a slightly higher wellhead
brine pressure of 490 psi, leak rates of these two wells were



about an order of magnitude |ower than in the previous test: 26
bbls/yr for well s and 236 bbls/yr for well 6C. A reduction in
cavern leak rate between the Septenber 1980 brine pressure test
and the June-JuI% 1981 well leak and brine pressure test is
confirmed by a c an?e froma cavern pressure decay rate of 0.98
psi/day during the first test to a cavern pressure increase
rate of 0.22 psi/day during the latter test, both at maxinum
operating pressure.

General |y speaking, the mpst probable location of |eakage
froma cavern is fromthe wells, where the conpetent salt has
been breached. However, there is a possibility of |eakage from

the cavern proper. If such |eakage does exist, the probahility
is high that it will be to a neara% cavern or a nearby edge of
dome. In the case of salt domes where extensive gas 1S

present, a possible | eakage path would be to caprock through a

zone of gas bearing inpurities in the salt. Such a |eakage

path appears unlikely for the subLect cavern since the salt in
%he V%Et Hackberry salt dome has been found to be essentially
ree of gas.

To examine the possibility of conmunication between
caverns, pressures in nearby caverns 7, 8, and 9 were nonitored
during the pressurization of cavern 6. Pressures in the
nearest cavern, 9, which has a mninum separation of about 225
feet (Figure 3), indicated a definite absence of fluid
comuni cation. Pressures in cavern 8, which is considerably
further away, did not indicate fluid communication. Gl was
being injected into cavern 7 during pressurization of cavern 6,
influencing cavern 7 pressures to the extent that any affects
of communication were nmasked. However, fluid communication
between caverns 6 and 7 or 8 appears less |ikely than between
caverns 6 and 9 because of their considerably greater
separation.  Simlarly, fluid comunication between cavern 6
and edge of dome appears |ess Jlkely than bet ween C gyerns 6 and
9 because of the large separation of about 500 feet-4%  Based
on the above, it appears probable that the only |eaks from
cavern 6 are fromthe wells.

In addition to concerns regardiqg cavern | eakage, a mgjor
concern is the structural integrity of the cavern. — Sonar
surveys have indicated the cavern has a near flat roof wth
unsupported roof spans fromi1ioo to 1240 feet, depending on the
direction of the survey. The unsupported spans are roughly
four tinmes maxi mum cavern diameter chosen for the expansion
caverns and the flat roof shape is undesireable froma

structural standpoint. In spite of these highly undesirable
features, there is strong evidence indicating the cavern has
structural integrity. It survived depressurization to 0il head

pressure during the Septenber 1978 acci dent with no apparent
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structural damage. This depressurization was probably the most
severe stress loading condition the cavern has experienced
since the beginning of its formation. Also, it represents the
most severe condition the cavern is ||kelg to experience during
its useasan oil storage cavern. In addition to this strong
experinental verification of structural integrity, structural
anal yses of the cavern using finite element nodel conputer
codes "MARC," "ADINA78" and "SANCHO' have indicated no _
structural problems, that is, no condition where stresses in
the salt closely approach a tensile condition. Reference 25
includes analyses of an instantaneous depressurization of the
cavern from brine head to oil head pressure, a sinulation of
the effects of |oss of portions of the cavern roof due to

sl abbing, a two year creep response in the imediate vicinity
of the cavern, and the elastic response of the cavern during a
certification pressurization cycle. Appendix A begins wth an
elastic solution during depressurization of the cavern void
fromlithostatic pressure to an oil filled condition with brine
head pressure. It then proceeds thrOﬂ?h stress and creep
cal cul ations over a 30-year timeperiod. The analysis

I ndi cates mninum conpressive stresses of 250,000 psf
|nnEd|ateI¥ fol l owing depressurization, being reduced only to
197,000 pst at the end of 30 years. The analysis further

i ndi cat es maximum shear stress imediately follow ng
depressurization of only 113,000 psf and that these stresses
are relieved by creep as time progresses. A reduction in
cavern vol ume of 22-percent over the 30-year period is
indicated. As stated earlier, the absolute value of creep
closure is questionable. Efforts including field neasurements
at several oil filled caverns are underway to attenpt to
validate the creep nodel

CONCLUSI ONS

~ Athough all questions cannot be conclusively elinnated
it is believed that cavern 6 issuitablefor |ong-term oi
stor age.

1. The nost probably location of a cavern leak is fromthe
VICInIt¥ of the entry wells. Well leaktests durln% t he
June-July 1981 test indicated conbined oil [eakage fromthe
three entry wells would be well within the DCE leak rate
criterion of 100 bbls/yr per cavern at the mostsevere
design operating conditions of the cavern

2. It was not possible to determ ne conclusively, due the
undefined effects of creep closure of the cavern, that
there was not |eakage from the cavern other than from the
wells. However, it is highly probably that any such
| eakage would be to a nearby cavern or to the edge of the
done.  Pressure measurenments during the test on cavern 9



the nearest cavern about 225 feet amag, gave a positive
indication of no fluid conmmunication between caverns 6 and
9. Pressure measurements on caverns 7 and 8 indicated
nei t her comunication with cavern 6 or a positive absence
of communication. However, because they are considerably
further away than cavern 9, over 400 feet conpared with
about 225 feet, communication with cavern 6 is much |ess
likely. Further; |eakage to the edge of the dome. |ocated
about 500 feet away, should under normal conditions be far
less likely than |eakage to cavern 9

It is believed that serious structural failure of the
cavern is unlikely during long-termoil storage at nornal
pressures (near brine head), or during accidenta
depressurization to oil head pressures. There is no
indication of structural problems as a result of the
accidental depressurization of the cavern to oil head
pressures in Septenber 1978. Analyses indicate the cavern
I's structurally adequate, and there were no indications of
abnormal roof notion or slabbing during the test.
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TABLE1

WEST HACKBERRY CAVERN 6 WELL LOGS

Vel | Log " Log Logging Logged Depths (Ft.)
No. Dat e Name Company Top  Bottom
6 6/4/77 CBL MG 0 2640
7/22/77 CBL DA 0 2596
4/30/80 Casing |nsp. McC 0 2600
4/30/80 Collar McC 0 2612
5/3/80  CDL/GR/CAL Sch 0 3260
5/3/80 BGT Sch 2600 3260
5/4/80  Tenperature MG 0 2640
5/10/80 BGT Sch 2430 2602"
5/12/80 BGT Sch 2550 2663
5/12/80 SP/CAL/IND Sch 2530 2842
5/12/80 Temp. Sch 32 3410*%
5/22/80 GR/MNeutron MG 0 3274"
5/22/80 Density MG 0 2938%
5/23/80 CBL M 0 2620*
5/23/80 Directional SS 0 2580
5/27/80 CNL/CDL/GR/CAL GO 1900 3270
6 7/17/80 CAL Sch 2603 3260
Note 1
7/29/80 TDT Sch 2560 2715
7/30/80 Density MG 2200 2730
8/3/80 Collar &0 0 2724
8/16/80 Tenperature Sch 50 2705

8/19/80 CBL w 0 2748



6A

68

8/20/80
8/20/80
9/12/80
9/13/80
9/18/80
9/25/80
9/25/80
9/26/80
10/8/80
8/25/78
9/5/78

9/5/78

9/19/78
7/10/78
7/14/78
3/17/80
3/20/80
3/20/80
3/20/80
3/20/80
3/21/80
3/22/80
9/12/80
9/15/80
9/16/80
10/1/80
10/9/80

GR

Casing Insp.

CBL

CAL
Directional

Temperature

Temperature
Interface
Interface
»
Direction

BGT

BGT

CBL

Collar

BGT

CBL/GR/ColTar
CNL/CDL/GR/CAL

GR/Sonic

Temperature

Casing Insp.

Casing Insp.

Temperature
Interface
Interface
Interface

Noise

McC
McC
MG
MG
ss
GO
GO
MG
MG
Sch
Sch
Sch
Sch
West
West
Go

GO

GO
Go
McC
DL
GO
MG

MG
GO

2800
2800
100
102
102
1601
200

18
32
2573

2440

1 3

2400

2500

2500

3385

2810*
2810"
2730%*
2939
3364 *
3380%
2799
3010
3100
1480
1625
1625
2247
2610
3360
3300*
2604 *
3208*
3266*
3392
2576
2580
3394%*
3390
3390
3390
3385%*
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6C

10/10/80
7/8/78
7/8/78
7/25/78
7/25/78
7/31/78
3/14/80
3/15/80
3/15/80
3/17/80
3/22/80
3/24/80
9/13/80
9/16/¢l

Note 1.

Interface
BGT
Direction
SPo.

BGT
CBL/Collar
Temperature
CBL/GR/Collar
CDL/GR/CAL
BGT

Casing Insp.
Casing Insp.
Temperature

Interface

per Ref. 9..

MG
Sch
Sch
Sch
Sch
Sch
GO
GO
Go
Go
DL
McC
GO
MG

2500

96

96

1717

1717

230

40

3058

18

3100

*A copy of log is included in Reference 14.

3386
1717
1717
3178
3179
3192
3400
3200*
3310*
3252"
3160
3175
3380*
3380

Logged during and after the last workover on well 6



Well 6B

BGT
3/17/80

CBL
3/20/80

CNL /CDL /GR/CAL
3/20/80

Sonic
3/20/80

Temperature
9/12/80

Noise
10/9/80
Well 6C

CBL
3/15/80

COL/&R
3/15/80

BGT
3/17/80

Temperature
9/13/80

TABLE I
COMMENTS ON LOGS

Shows a hole diameter of over 20" at 2585 ft.
with rugged hole down to 2700 ft. The hole is
reasonably smooth from 2700 to 3150 ft. where it
begins to increase in size. At 3210 ft. the
diameter exceeds 20 inches.

Shows an excellent bond from 2570 ft. to 2030
ft. and fair to excellent bond from 2030 to 420
ft. The log shows an erratic bond below 2570 ft.

Shows 2.14 < P < 2.44 from 2670 ft. to 3190 ft.
Above 2670 ft. the density plot is erratic,
probably due to the casing cement. There is one
spike of = 2.85 at 3116 ft. The neutron
porosity and the gamma plots have little
character.

The sonic log shows a very consistent 68 to 70
micro sec./ft. from 2590 to 3190 ft. Below 3190
ft. the plot is somewhat erratic. The high
density indication at 3116 ft. is not reflected
on the sonic or the gamma ray logs.

Shows a steady increase from surface temperature
to 123.49F at 2740 ft. then decreases. Bottom
hole temperature is 101.60F at 3390 ft.

The noise log does not show any major acoustical
disturbances in the cavern.

Shows an excellent bond from 2450" to 3166'and
fair to excellent bond above 2450".

Shows 2.1 < P < 2.33 with GR peaks up to 70 API
units.

Shows a hole diameter about 14" with a minor
washout at 3175°.

Shows a steady increase from surface temperature

to 111,79 at 2330 ft. then decreases. Bottom
of cavern temperature is 101.6°F at 3400 ft.
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Well 6 - Prior to 7" Casing Installation

BGT
5/10/80

Temperature
5/12/80

GR/Neutron
5/22/80

Density
5/22/80

CBL
5/23/80

Shows a significant increase in hole diameter
immediately below the casing.

Shows a steady increase from surface temperature
to 124,40F at 2550 ft. then decreases. There

is "a one degree step increase at 3390 ft. and a
bottom of cavern temperature of 101.8%F at

3450 ft.

Shows the changes in apparent porosity at the
cavern roof (3216'), the 12 3/4" casing seat
(2629'), and the 9 5/8" casing seat (2595").
Shows a porosity anomaly at 2020" and at 2350".

Shows the casing seat locations.
Shows excellent bond from 2620 to 2015" and

poor bond above 1850 ft. Shows a bond anomaly
zone from 2015" to 1920 ft.

These logs and other evidence indicated that it would be desirable
to install a 7" casing thru the existing 9 5/8" casing seat.

Well 6 - After 7" Casing Installation

&R
8/20/80

Casing Insp.

8/20/80

CBL
9/12/80

Directional
9/18/80

Temperature
9/25/80

Shows correlation on depth of the gamma increase
below 2650 ft. and below 1400 ft.

Verification of casing inside diameter and
collar locations of 7" casing.

Shows excellent cement bond from 2730 ft. to
2630 ft. The bond above 2630 ft. is fair to
poor and erratic. Reference 9 indicates
significant problems during the cementing
operations.

Shows a deviation of 103 ft. at a depth of 3196
ft. and a maximum dog leg at 2896 ft.

Shows a steady increase from surface temperature
to 118.4%F at 2670 ft. then decreases to
101.8%F at 3380 ft.



TABLE |||
ABBREVI ATI ONS AND SYMBOLS

BGT Borehole Geonetry Tool
CAL " Cal i per

CBL Casing Bond Log

CDL Compensated Density Log
CNL Compensated Neutron Log
DA Dresser Atlas

DL Di a-Log Conpany

GO O wWireline

R Gamma Ray

I ND I nducti on

McC McCoullough

MG Mcro Gage, Inc.

Soni ¢ Acoustic Velocity Log
Sch Schl umberger Well Services
SP Spont aneous Potenti al

58S Sperry-Sun, Inc.

SWS Side wall Sanples

TDT Thermal Neutron Decay Tine
w Vel ex

Vst Western wireline Service
0 Density gm/cm3
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TABLE 1V
Nl TROGEN BRI NE | NTERFACE MOVEMENTS
DURI NG JANUARY 1981 TEST

Log Val ue of Log Val ue of
Interface Casing Seat
Ve 11 Hour s* Depth (£ft) Depth (ft)
6 48. 2782
171.5 2736 2743
292.5 2715
6B 51.5 2658
167.5 2660 2579
264.5 2660
6C 71.75 3204
169.5 3186 3161
263.5 3163
288.5 could not |ocate

*ElapSed tine since beginning of test at 10:30 on 1/12/81



TABLE V
NI TROGEN BRI NE | NTERFACE MOVEMENTS
DURI NG JUNE-JULY 1981 TEST

Log Val ue of Log Val ue of
Interface Casi ng Seat
Vell Hour s* Depth, ft Depth, ft
6 612.75 2818
658. 75 2803 2735
730.0 2796
6B 596. 5 2660
639.5 2660 2583
733.5 2658
6C 588. 5 3190
637.5 3189 3162
732.0 3186

*Elapsed time since beginning of test at 23:00 on June 5, 1981
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TABLE VI
CASI NG SEAT AND WELLHEAD PRESSURES (PSIA) AT
DI FFERENT CAVERN OPERATI NG CONDI TI ONS

Wellhead Vell 6 Vel 6C Vel |l 6B
o Brine Casi ng Seat Wellhead Casing Seat Wellhead Casing Seat Wellhead
Condition Pressure Pressure Pressure Pressure Pressure Pressure Pressure
Ni trogen Well Leak Test 490 1950 1790 2150 1940 1870 1715

Ol Filled® Cavern- Storage

at Maxi mum Operating

Pressure® 6252 2140 11002 2300 11002 2080 11002

Ol Filledd Cavern-Storage

at Atnospheric Wellhead
Bri ne Pressure 152 1530 4902 1690 4902 1470 49028

a - Value for no flow into or out of the cavern
c - Gadient of 0.8 psi/ft of depth to the shallowest casing seat, well 6B at depth of 2580 feet

d - To depth of longest string, 3374 ft in well 6C

Note: GOT Specific gravity 0.876



APPENDI X A

Structural Analysis of Creep Eehavior
West Hackberry Cavern 6
M H. Qbbel s

A creep analysis was undertaken of West Hackberry Cavern No

6. This analysis was acconplished using the finite el ement
code SANCHO. " The el astic properties used were averaPe
properties for laboratory tests of West Hackberry salt while
the creep properties nodel ed were those secondary creep
properties found in table 4, Section IIl of Reference Al. The
streﬁs Fxgﬁnent used was 4.9 and was derived from the same data
as the table.

The anal ysis assumes WH Cavern No. 6 is an axisymretric void of
the average dIﬂEﬂSIOﬂS_éllGO ft. max. roof dia.) of the 1980
sonar survey. This void is nodeled in a large cylindrica

bl ock (2400 ft. high by 3600 ft. diameter) of salt to which
pressures represent|n%]ltthostat|c | oading are applied.

Gavity |oading and the in-situ stress state are al so

sinulated. Internal pressurization of the cavern is that of an
oil filled cavern under brine head pressure

Figure Al shows the analysis axisysmetric half section at a
tim of zero days. This is the elastic solution of the cavern
anal ysis when the pressure is lowered fromljithostatic to brine
head.” The roof deflects .34 ft. downward while the cavern
floor moves upward about .20 ft. Figure A-2 shows the maxinum
stress or the resolved stress developed that is closest to
being tensile at time zero. The |east negative (compressive)
stress devel oped is essentially the cavern brine pressurization
stress of 250,000 psf. The salt is far fromfailing in

tension. Figure A-3 shows the maxi mum shearing stress

devel oped at tine zero, it being 113,000 psf. (784 psi) and in
the region of the maxi num cavern radial dinension, the pancake
edge region. This shear stress is not high conpared to the
farlure shear stress of |aboratory specimens, 3,700 psi for
unconfined specinmens. As will be seen this calculated shear
stress is greatest in magnitude at tine zero and is relieved by
creep as tine progreses.

Figure A-4 shows the vertical displacenent of the cavern at
time equal to 11,000 days (30 years). The maxinum downwar d

di spl acenent takes place at the cavern roof centerline and
amounts to approximately 11 ft. while the upward notion of the
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floor is 4.4 ft. \Wereas the nmovenents are substantial, the

do not indicate catastrophic failure. Figures A-5 and A-6 show
the maxi mum stress and maxi mum shear stress for the same

30-year tine. The largest maxi mum stress occurs in the salt
about 300 ft. above the cavern roof but a -197,000 psf is stil
substantially conpressive. The maxinum shear stress has
actually been relieved in the high stress areas. Hence the
salt near the pancake extremty area is further fromfailure at
30 years than earlier in time. Creep has redistributed the
stress and smoothed the high stress areas.

The total calculated change in volune for 11,000 days is

22.5% The brine outflow rate in barrels/day versus days is
shown in Figure A-7. Because of |linited data and the state of
devel oprment of the creep nodel used, the absolute val ue of

creep closure is questionable. Field measurenents are underway
to provide data to validate the creep nodel
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